Hardness forming ions such as Ca2+ and Mg2+ in cooling water tended towards scale on the surface of the heat exchanger, resulting in reduction of heat transfer efficiency. In this paper, by using DSA electrodes, effects of operational conditions on water softening was evaluated by Lab scale experiments. The experimental results shown that, when the current density increased from 50A/m2 to 250 A/m2, the removal rate of Ca2+ was improved from 14.0% to 46.3% with approximately logarithmic relationship. On the other hand, the removal rate of Ca2+ decreased from 71.63% to 14.91% among with the inter-electrode distance extended from 2cm to 10cm. After uninterrupted electrolysis of raw water for 8 minutes, the removal rate increased to 58.6%, and after the 8th minute, the uninterrupted electronic reaction couldn't cause further removal of hardness forming ions. XRD and SEM shown that the crystal form of calcium carbonate on the cathode plate was mainly calcite. The research results provide important practical data for the research and design of this kind of water softening system.
Introduction
Changes in the physicochemical conditions of water cause Ca 2+ in the water to precipitate as calcium carbonate and adhere to the surface of the container to form scale. In industrial production, Ca 2+ in water causes scaling on the surface of heat exchanger of circulating cooling water system, which will result in the decrease of heat transfer efficiency, the increase of energy consumption and the shortening of equipment life [1] [2] [3] [4] [5] [6] [7] [8] . Electrochemical softening of circulating cooling water is to reduce the hardness of water by crystallization and precipitation the scaling ions on the cathode plate, which can greatly reduce the water recharge of the system. Dimensionally stable anode (DSA) has high electrocatalytic activity, excellent corrosion resistance and mechanical stability. The development of DSA anode materials has improved the treatment efficiency of electrochemical water treatment technology [9, 10] . The main influencing factors of electrochemical softening are current density, electrode spacing and electrolysis time. This paper will discuss the effect of the above factors on the electrochemical softening by DSA anode of circulating cooling water and explain the experimental phenomena.
O2 + 2H2O + 4e
Experiment
Experimental system. As shown in Fig. 1 , the experimental system consisted of a DC power supply and a pilot electrolyser. An electrode plate placement slot was provided every 1 cm in the length direction of the electrolyser to facilitate changing the inter-electrode distance. DC power supply (Yizhan Electronic Instrument Co., Ltd, Shenzhen of China) was used to supply power at a constant current intensity. The cathode was a 10 cm×10 cm titanium plated steel and the anode plate was a 10 cm×10 cm Ti/IrO2-RuO2 electrode.
Raw water. CaCl2 and NaHCO3 were added to water to simulate the temporary hardness in water. The molar ratio of CaCl2 to NaHCO3 was 1:2. In addition, 2g of NaCl was added per liter of water in order to elevate the conductivity. The reagents used in the experimental were produced by Hengxing Chemical Reagent Manufacturing Co., Ltd (Tianjin of China) and their grades were analytically pure.
Analysis methods. Determination of Ca 2+ in water samples by EDTA complexometric titration. Three parallel samples were taken for each working condition during the experimental. The minimum detection concentration of this method is 0.05 mmol/L, and the repeatability deviation is ±0.04 mmol/L.
Results and discussion
Current density. Fig. 2 shows the change of the removal rate with respect to current density. The inter-electrode distance in the experimental was 6cm. When the current density increased from 50 A/m 2 to 250 A/m 2 , the Ca 2+ removal rate elevated from 14% to 46.3% (The electrolysis time was 5min.) and 26.8% to 53.5% (The electrolysis time was 10min.). With the increase of current density, the removal rate of Ca 2+ also enhanced, but the enhancing trend decreased slowly. This phenomenon is mainly affected by mass transfer. With increasing current density, the OH − quantities ((Eq. (1) and Eq. (2)) produced at the cathode increases according to Faradays law. Combined with reactions (3) and (4), it could be concluded that the Ca 2+ removal rate increased with current density. The Ca 2+ removal rate was mainly limited by the electromigration and diffusion kinetics of Ca 2+ and HCO3 − . As the current density increased, the electromigration of HCO3 − enhanced, which made it difficult increasingly for HCO3 − to be enriched near the cathode by diffusion. Excess OH − did not accelerate the formation of scale on the cathode plate. This was an important reason for the slowing down of the Ca 2+ removal rate enhancing trend. At high current density and OH − concentration, reaction (3) was the rate-limiting step of electrochemical removal of Ca 2+ in circulating water. Secondly, the increase in current density also led to hydrogen evolution enhancing at the cathode (Eq. (2)). The cathode generated a large number of bubbles, and the disturbance to the water was very severe. This would affect the mass transfer of HCO3 − to the cathode plate under the condition of longer inter-electrode distance (6 cm).
Inter-electrode distance. The distance between the cathode and anode is also a major parameter. Fig.3 shows the variation of calcium removal rate with the increase of inter-electrode distance. It could be observed that the variation of the inter-electrode distance has a significant effect on the Ca 2+ removal rate. When the inter-electrode distance was 2cm, the hardness removal rate was 71.63%; when the inter-electrode distance was 10cm, the hardness removal rate was only 14.91%. There were two reasons why the Ca 2+ removal rate decreased with increasing inter-electrode distance: ○ 1 When the inter-electrode distance decreased, Ca 2+ and HCO3 − present in the bulk phase could diffuse to the cathode reaction zone more quickly. Chemical reactions (3) and (4) could take place here, so that the Ca 2+ in the bulk phase was exhausted more completely. ○ 2 The hydrogen on the cathode, the chlorine and oxygen on the anode had disturbances to the solution. Under the condition that the distance between the plates was close, this disturbance could cover the entire bulk phase and enhanced the mass transfer of ions from the solution to the two poles. In the case of large plate spacing, the gas disturbance only affected the area near the plate and did not disturb the area far from the plate, which has an adverse effect on the mass transfer of HCO3
− to the cathode in the more distant areas. Electrolysis time. The electrolysis time is another important factor of the process. Fig. 5 Scale of the cathode. After experimental test, the morphology of the scale was very regular (Fig. 5b) . According to X ray diffraction the scale was mainly calcite (Fig. 5a ). Calcite scale texture is hard and extremely difficult to clean up, which causes great problems for the practical engineering application of equipment. The research of cathode cleaning method has become the focus of many scholars [3, 12] . There-fore, seeking an ideal cathode plate scale cleaning method is the next research direction. 
The present study indicated that calcite precipitation occured through a chemical process following the electrochemical generation of OH − ions in the vicinity of the electrode surface. With the continuous increase of current density, the removal rate of Ca 2+ also enhanced, reaching a maximum of 53.5%. Due to the effect of mass transfer and acidification of scale-forming ions in the pilot electrolyser, the increasing trend of the Ca 2+ removal rate tended to be gradual. The smaller the distance between the plates, the faster the diffusion of Ca 2+ and HCO 3− to the cathode reaction zone, which made the Ca 2+ removal rate decrease with the increase of the plate spacing. In the experiment, the distance between plates increased from 2cm to 10cm, and the removal rate of Ca2+ decreased from 71.63% to 14.91%. For a smaller inter-electrode distance, the bubbles produced by the reaction between the two poles are conducive to the diffusion of scale ions. For longer inter-electrode distance, the bubbles produced by two-pole reaction have an adverse effect on the enrichment of scale ions to the cathode. With the prolongation of electrolysis time, Ca 2+ and HCO
3−
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in the solution were continuously depleted, and the rate of chemical reaction producing CaCO3 was continuously reduced, so that the trend of increasing Ca 2+ removal rate was flattened, and basically did not change after 8 minutes reaching 58.6%. The experimental tests performed on a pilot electrolyser can understand the behavior of an industrial device of circulating cooling water softening more deeply. The information on the specific effects of operational condition such as current density, inter-electrode distance and electrolysis time will be very precious to improve the softening efficiency of an industrial equipment. 
